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*0.  ABSTRACT  (Continue  on  reeeree  atdo  II  nocoooooy  end  Identify  by  Block  numbot)  *p^e  Materials  Engineering 

Division  at  Frankford  Arsenal  is  involved  In  an  extensive  research  effort 
aimed  at  upgrading  the  engineering  properties  of  wrought  high  strength  7000 
series  aluminum  alloys  through  thermomechanical  processing  of  the  ingot 
material.  The  development  of  two  new  ingot  thermomechanical  processing 
techniques,  ISML-ITMT  and  FA-ITMT,  is  presented.  The  effects  of  these 
techniques  on  the  recrystallization  behavior,  grain  morphology,  tensile 
properties,  fracture  toughness  and  stress  corrosion  resistance  of  high 
purity  7075  alloy  sheet  and  plate  is  presented.  The  recrystallization  of 
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CO.  ABSTRACT  (Cont'd) 


7075  alloy  into  a fine  grained  material  was  found  to  be  controlled  by  the 
distribution  of  the  major  alloying  elements,  Zn,  Mg  and  Cu,  as  well  as  by 
that  of  the  ancillary  element,  Cr.  The  results  showed  that  for  a given 
standard  temper,  i.e.,  T6,  T76  and  T73,  high  purity  1TMT  processed  7075  alio 
has  finer  grain  size,  equivalent  strength  and  better  ductility,  fracture 
toughness  and  stress  corrosion  characteristics  than  commerical  7075  alloy. 
The  work  also  showed  that  high  purity  ITMT  processed  7075  alloy  in  the  FTMT 
Jtemper  (a  temper  involving  a deformation  stage  between  an  initial  and  a 
-final  artificial  aging  stage)  has  higher  strength,  ductility  and  fracture 
{toughness  than  commercial  7075-T6  alloy. 
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Thermomech.' n ,ca".  Processing  ■ i Aluminum  Auoy  Ingot* 

l . Waldraan,  ii.  Sullnakl,  ami  ii.  Markus 

Franktord  Arsenal 
Philadelphia,  Pa.  19137 

ABSTRACT 

The  Materials  Engineering  Division  at  Frankford  Arsenal  is  involved 
in  an  extensive  research  effort  aimed  at  upgrading  the  engineering  pro- 
perties of  wrought  high  strenrth  7000  series  aluminum  alloys  through 
thermomechanical  processing  of  the  ingot  material.  The  development  of  two 
new  ingot  thermcnnechenical  processing  techniques,  ISML-ITMT  and  FA-ITMT, 
is  presented.  The  effects  of  these  techniques  on  the  recryetalllxatlon 
behavior,  grain  morphology,  tensile  properties,  fracture  toughnesa  and 
strata  corrosion  resistance  of  high  purity  7075  alloy  sheet  and  plats  la 
presented.  The  recrystallisation  of  7075  alloy  into  a fine  grained  mater- 
ial was  found  to  be  controlled  by  the  distribution  of  the  major  alloying 
elements,  Zn,  Mg  and  Cu,  as  well  as  by  that  of  the  ancillary  element,  Cr. 
The  results  showed  that  for  a given  standard  temper,  i.  a.,  T6,  T76  and 
T73,  high  purity  IIMT  processed  7075  alloy  hai  finer  grain  alse,  equiva- 
lent strength  end  better  ductility,  fracture  toughness  and  stress  corrosion 
characteristics  then  commercial  7075  alloy.  The  work  also  showed  that  high 
purity  ITMT  processed  7075  alloy  in  the  FTMT  temper  (a  temper  involving  a 
deformation  stage  between  an  initial  and  a final  artificial  aging  stage) 
has  higher  strength,  ductility  and  fracture  toughness  than  commercial 
7075-T6  alloy. 


INTRODUCTION 


The  major  shortcomings  of  courier*  ia]  high  strength  wrought  7000 
series  aluminum  alloys  are  low  ductility,  low  toughness  and  poor  stress 
corrosion  resistance,  especially  in  the  snort  transverse  direction. 

Frankford  Arsenal  has  been  conducting  studies  aimed  at  eliminating  these 
deficiencies  and  improving  the  strength  of  these  alloys  through  the  use  of 
improved  processing  techniques.  The  early  work  in  this  area^  ^ shewed  that 
elimination  of  second  phase  constituents  induced  substantial  improvements  in 
ductility  and  toughness  and  some  improvement  in  fatigue  resistance  at  equi- 
valent strength  levels  when  compared  to  commercial  alloys.  These  improvements 
were  achieved  by  the  use  of  high  purity  materials,  by  controlled  solidification 
techniques  to  achieve  a small  dendrite  arm  spacing  and  by  optimum  homogenization 
treatments . 

Other  work  directed  towards  improving  the  properties  of  7000  series 
alloys,  carried  out  at  istituto  Sperimentale  del  Metalli  Leggeri  (ISML)  under 
a US/ltaly  cooperative  research  program,  has  been  reported  by  DIRusao  et  al.^'^ 
In  that  work,  a new  technique  termed  final  thermal  mechanical  treatment  (FTKT) 
was  developed.  This  technique  involves  the  application  of  plastic  deformation 
between  an  initial  and  a final  artificial  aging  step.  With  F1MT  the  strength  of 
the  7000  series  alloys  can  be  increased  by  20  to  25  pci  with  only  a minimal 
loss  of  ductility  and  toughness. 

In  addition  to  the  property  improvements  achieved  by  better  solidification 
techniques  and  by  advanced  thermal  mechanical  treatments  (FTMT),  it  was  con- 
sidered that  improvements  could  also  be  achieved  by  controlling  the  grain  mor- 
phology. Although  there  is  much  Information  on  the  effect  of  grain  morphology 


in  pure  metals  and  solid  solution  alloys  little  data  are  available  re* 
yarding  high  strength  aluminum  alloys.  Therefore,  the  US/ltaly  cooperative 
research  program  carried  out  at  ISML  also  included  investigation*  on  grain 
morphology  effecta.  The  results  of  those  studies7"9  showed  that  in  7075 
alloy  the  properties  related  to  ductility,  such  as  elongation,  reduction  in 
area,  and  toughness  were  improved  by  the  use  of  an  intermediate  thermal 
mechanical  treatment  (ITMT)  which  was  designed  to  produce  a wrought  product 
with  grains  that  are  finer  than  those  obtained  by  conventional  processing. 

Realizing  the  broad  potential  that  ITMT  has  on  Improving  the  perfor- 
mance of  Army  materiel,  especially  in  such  mill  products  as  rolled  plate, 
a broad  program  was  initiated  at  Frankford  Arsenal  to  study  in  more  detail 
the  various  parameters  involved  in  ingot  processing.  This  paper  presents 
the  results  concerned  with  the  effect  of  selected  experimental  ingot  pro- 
cessing treatments  on  the  recryatallization  behavior,  grain  morphology, 
tensile  properties,  fracture  toughness,  and  stress  corrosion  resistance  of 
wrought  high  purity  homogeneous  7075  sheet  and  plate. 

DESCRIPTION  OP  THERKOKECHANICAL  PROCESSES 

ITMT  involves  a new  concept  in  ingot  processing  in  that  the  original 
cast  grain  boundaries  ere  eliminated  by  a recrystallization  step  prior  to 
conventionally  working  the  material  into  the  final  wrought  products.  In 
the  ITMT  process  reported  by  DiRusso  et  al,7"9  i.e.,  ISML-ITMT,  the  7075 
ingots  are  partially  homogenized,  worked  at  relatively  low  temperatures,  re- 
crystallized, homogenized  and  then  conventionally  hot  worked  into  wrought 
products.  The  ITMT  products  can  be  utilized  in  the  as-recrystalllzed  (AR) 
condition  or  in  the  as-recrystallized  plus  hot  rolled  (AR+HR)  condition. 
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According  to  hfkugso  i - •'u,7-9  the  ..iccc.ss  of  the  ISML-ITMT  process 
is  based  upon  making  tne  Cr  ineffective  in  retarding  recrystallization  of 
the  worked  ingot  into  a line  grain  struciure.  The  ISML-ITMT  process 
accomplishes  this  by  maintaining  most  of  the  Cr  In  supersaturated  solid 
solution  in  the  aluminum-rich  matrix  during  both  the  partial  homogenization 
and  low  temperature  deformation  stages.  Subsequent  recrystallization  and 
homogenization  of  the  ISML-ITMT  material  produces  a fLne  grain  structure 
followed  by  precipitation  of  the  remaining  Cr.  DiRusso  et  al'  3 state  that 
a fine  grain  structure  is  not  produced  during  conventional  processing  be- 
cause in  contrast  to  the  ISML-ITMT  process,  the  Cr  precipitates  during  the 
initial  thermal  treatment  prior  to  working.  In  addition,  they  state  that 
dynamic  recovery  occurs  during  the  working  operation;  this  also  hinders  re- 
crystallization into  a fine  grain  structure. 

Based  on  these  results  Frankford  Arsenal  carried  out  studies  of  experi- 
mental treatments  examining  not  only  the  effect  of  Cr,  but  also  the  effect 
of  Zn,  Mg  and  Cu  in  producing  fine  grained  wrought  7075  sheet.  The  process- 
ing steps  involved  in  the  experimental  treatments  used  in  this  study  as  well 
as  those  used  in  ISML-ITMT  and  in  conventional  processing  arc  shown  schema- 
tically in  Fig.  1 along  with  the  corresponding  grain  morphologies.  The 
details  of  the  processing  steps  are  given  elsewhere.  The  experimental 

ingot  processing  treatments  involved  those  in  which  the  Cr  was  precipitated 
out  of  solution  prior  to  the  initial  deformation.  As  can  be  seen  these  treat- 
ments utilized  a high  temperature  homogenization  prior  to  the  initial  de- 
formation step  which  has  been  shown  by  extensive  electron  microscopy 
studies  to  precipitate  the  Cr  out  of  supersaturated  solid  solution  in  the  . 


is.; 


4 


Al-rich  matrix  as  Che  incoherent  precipiiata,  Al^g  Crj  Mgj  11  . An 
example  of  this  precipitation  ia  shown  in  Fig.  2.  The  corresponding 
structure  after  cne  low  temperature  homoL.cn izatlon  treatment  In  the  XSML- 
ITMT  process  is  shown  in  Fig.  3.  The  tensile  properties  of  the  materials 
In  the  T6  temper  are  presented  In  Table  1. 

It  can  be  seen  from  Fig.  1 that  the  experimental  techniques  produced 
AR+HR  sheet  material  having  grain  sizes  that  are  finer  than  those  produced 
using  conventional  processing.  Also,  it  can  be  seen  from  Table  I that  the 
experimentally  processed  material  has  equivalent  strength  and  significantly 
greater  reduction  in  area  than  the  conventionally  processed  sheet.  With 
regard  to  the  experimental  treatments  themselves,  the  grain  size  of  the 
material  processed  according  to  Treatment  1 is  much  finer  than  that  of  ma- 
terial processed  according  to  Treatment  2.  This  is  especially  true  in  the 
AS  condition.  The  reason  for  the  difference  in  the  grain  sizes  will  be  dis- 
cussed later.  Also,  the  XSML-ITMT  sheet  has  a finer  grain  size,  equivalent 
strength  and  higher  elongation  and  reduction  in  area  than  the  conventionally 
processed  sheet. 

On  comparing  the  experimental  treatments  with  the  XSML-XTMT  technique, 
two  points  are  evident.  The  first  is  that  experimental  Treatment  Ho.  1 pro- 
duced sheet  which  was  equivalent  to  ISKL-XTKT  processed  material.  Speci- 
fically, it  can  be  seen  that  the  grain  sizes  of  the  materials  produced  by  the 
two  processes  are  essentially  the  same.  Also,  the  tensile  properties  of  the 
experimentally  processed  material  and  the  ISML-ITMT  material  show  the  same 

* significant  improvement  in  ductility  (Table  I).  The  second  point  in  this 

\ 

l comparison  is  that  the  fine  grain  size  achieved  using  Treatment  No.  1 shows 


! 


5 


that  it  i a Also  possible  to  produce  a (mt  grain  recrystallized  structure 
in  7C75  without  maintaining  the  Cr  in  supersaturated  solid  solution  in  the 
Al-rich  matrix  prior  to  the  recrystallization  homogenization  step.  Thus, 
it  appears  that  Treatment  No.  1 is  important  in  that  it  forms  the  basis  of 
another  ITMT  method  (hereafter  referred  to  as  the  Frankford  Arsenal  ITMT 
process  or  FA- ITMT) , one  in  which  the  Cr  is  precipitated  out  of  solution 
by  a high  temperature  homogenization  prior  to  the  initial  deformation  step. 

Since  FA- ITMT  processing  produced  a fine  grain  structure  comparable  to 
that  produced  using  XSML-ITMT,  it  appears  that  there  are  other  structural 
factors  besides  the  Cr  distribution  that  are  Important  in  determining 
whether  or  not  a fine  grain  recrystallized  structure  can  be  produced  in 
7075.  The  obvious  structural  parameter  is  the  distribution  of  the  major 
alloying  elements,  Zn,  Mg  and  Cu  prior  to  the  initial  deformation  and  re- 
crystallization step.  The  results  of  electron  probe  work  to  investigate 
this  distribution  are  shown  in  Figs.  4 to  6.  Regarding  the  FA-I1MT  and 
ISML-ITMT  techniques,  both  of  which  produce  a fine  grain  recrystallized 
structure,  it  can  be  seen  that  the  Zn,  Mg  and  Cu  are  present  as  coarse  pre- 
cipitates prior  to  the  initial  deformation  step.  In  contrast,  in  Treatment 
No.  2,  which  produced  a grain  structure  that  was  much  larger  than  that  pro- 
duced using  either  the  FA- ITMT  or  ISML-ITMT  processes,  the  Zn,  Mg  and  Cu 
are  in  solid  solution  in  the  Al-rich  matrix  prior  to  the  initial  defor- 
mation step.  (It  should  be  pointed  out  that  in  this  work,  no  attempt  was 
made  to  resolve  the  distribution  of  the  Zn,  Mg  and  Cu  on  a finer  scale  than 
is  possible  using  optical  microscopy.)  Thus,  the  work  shows  that  the  distri- 
bution of  the  major  alloying  elements,  Zn,  Mg  and  Cu  has  a significant  effect 
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on  Che  recrystaliized  grain  si2e  of  7075.  Also,  Che  work  show*  chac  by 
control  of  Che  disCribudon  of  tne  Zn,  Mg  and  Cu,  fine  grainsd  7075  can  be 
produced  independent  of  Che  distribution  of  the  Cr. 

CHARACTERIZATION  OF  TTMT  PROCESSED  7075  PLATE 
The  ISML-ITMT  and  FA-ITMT  processes  were  also  applied  to  thick  products 
of  7075,  i.  e.  1 in.  thick  plate.  The  processing  details  are  given 
elsewhere.  The  grain  morphologies  of  the  ITMT  plate  material  along  with 
that  of  commercial  7075-T651  1 in.  thick  plate  are  given  in  Fig.  7. 

It  can  be  seen  that  the  grain  size  of  the  AR  FA* ITMT  material  is  finer 
than  that  of  the  commercial  7075-T651.  There  appears  to  be  a duplex  struc- 
ture in  the  AR  ISML-ITMT  1 in.  thick  plate.  However,  the  overall  grain 
structure  is  also  finer  than  that  of  the  commercial  7075-T651.  Although 
the  duplex  structure  is  not  present  in  the  FA-ITMT  material,  the  grain  size 
is  somewhat  larger  than  that  in  the  fine  grained  areas  of  the  duplex  struc- 
ture of  the  ISML-ITMT  material.  The  reason  for  this  may  be  related  to  the 
differences  in  the  two  ITMT  processes  or  to  differences  in  the  temperatures 
of  working.  It  was  found  that  in  the  ISML-ITMT  process,  increasing  the  re- 
crystallization temperature  to  960® F eliminated  the  duplex  structure  and 
produced  fine  equiaxed  grains  . 

With  regard  to  the  AR+HR  condition,  there  is  no  indication  of  duplex 
structures  in  either  the  FA-ITMT  or  ISML-ITMT  plates.  Also  there  appear  to 
be  no  significant  differences  between  the  grain  structures  of  the  materials 
produced  using  either  ITMT  process  although  both  have  a finer  grain  size 
than  conventionally  processed  material. 
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The  l^ngituc-inal  and  long  transfers*  tensile  properties  and  fracture 
toughness  values  of  the  ISML-TTMT  and  th.  FA-ITMT  AR  and  AR+HR  1 in.  thick 
plates  in  the  T6,  T76,  T73  and  FTMT  temp>  i s i;e  shown  in  Table  II.  Several 
points  are  evident.  ITMT  processed  7073  plate  1 in.  thick  has  equivalent 
strength  and  significantly  better  elongation  and  reduction  in  area  than  its 
conventionally  processed  commercial  counterpart  in  the  T6,  T76  and  T73 
tempers.  The  tensile  properties  of  ITOT  processed  7075  plate  1 in.  thick 
in  the  AR  condition  are  equivalent  to  those  in  the  AR+HR  condition.  The 
tensile  properties  of  FA-ITMT  and  ISML-ITMT  processed  7075  plate  1 in.  thick 
are  equivalent  in  the  T6,  T76  and  T73  tempers. 

The  fracture  toughness  of  the  1'IMT  materials  (determined  using  Compact 
tension  specimens  (CKS)  according  to  ASTM  Method  E399)  in  the  AR  condition 
is  only  slightly  better  than  that  of  the  commercial  material  whereas  in  the 
AR+HR  condition  the  fracture  toughness  is  significantly  greater  (Table  II). 
Fractographic  examination  using  the  scanning  electron  microscope  has  shown 
that  regardless  of  temper  for  both  the  ISML-I1M7  and  FA-IUfT  processes,  the 
fracture  mode  of  the  AR  material  is  primarily  intergranular  (Fig.  8 is  an 
example.)  while  that  of  the  AR+HR  materia]  is  primarily  transgranular.  (Fig. 

9 is  an  example.).  These  differences  in  fracture  mode  can  be  correlated  with 
the  differences  in  fracture  toughness  values  between  the  AR  and  AR+HR  materials 

The  data  in  Table  II  also  show  the  benefits  to  be  gained  by  combining 
PTMT  with  ITMT,  i.  e.,  ITMT+FTMT  7075  plate  has  both  significantly  higher 
strength  and  higher  elongation  and  reduction  in  area  than  conventionally 
processed  commercial  7075-T651  plate. 
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As  in  the  case  oi.  the  ITMT  materia- ■ in  the  T6 , T7b  and  T73  tempers, 
the  fracture  toughness  values  of  tne  Aft+HR  materials  in  the  FTMT  temper  are 


significantly  better  than  those  oi  ■ V Ak  materi  a]  s . This  is  especially 
pronounced  in  the  longitudinal  direct  101  . The-  important  point  is  that  the 
ITMT+FTMT  material,  especially  in  the  AK-HR  condition,  has  significantly 
higher  str2ngth,  ductility  and  touehness  than  the  commercial  7075-T651  plate. 

The  stress  corrosion  testing  results  (obtained  using  C rings  in  alter- 
nate immersion  in  a 3.57.  NaCl  solution  according  to  Federal  Test  Method 
Standard  No.  151)  are  shown  in  Table  III  for  the  AR  ITMT  material  and  in 
Table  IV  for  the  AR+HR  ITMT  material.  In  general,  it  appears  that  the 
stress  corrosion  resistance  of  the  ISML-TTMT  material  in  both  the  AR  and 
AR+HR  conditions  and  of  the  FA- ITMT  material  in  the  AR+HR  condition  is  better 
than  that  of  conventionally  processed  7075.  The  reasons  for  this  are: 

(a)  in  the  T6  temper  the  stress  corrosion  resistance  threshold  may  be 
higher  than  the  7ksi  threshold  value  for  commercial  7075-T651,  ^ (b)  in 
the  T76  temper  the  ITMT  material  appears  to  be  better  than  the  requirement 
of  no  failures  after  30  days  in  alternate  immersion  at  a stress  level  of  25 
ksi  and  (c)  in  the  T73  temper  the  ITMT  material  appears  to  be  equivalent 

to  the  requirement  of  no  failures  after  >0  days  in  alternate  immersion  at  a 
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stress  level  equal  to  757.  of  the  yield  stress.  ’ 


The  stress  corrosion  resistance  ol  the  AR  FA-ITMT  material  in  tne  T6 
temper  appears  to  be  higher  than  the  threshold  stress  level  for  commercial 
7075-T6,  but  in  the  T76  and  T73  tempers,  the  AR  FA-ITMT  material  does  not 
satisfy  the  commercial  specifications.  This  is  probably  because  the  FA-ITMT 
material  in  the  AR  condition  may  not  of ; l r as  difficult  a path  to  stress 
corrosion  failure  as  does  the  FA-ITMT  m.-ierial  in  the  AR+HR  condition  and  the 
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ISML- ITMT  material  in  r he  AR  and  AR+HR  c -nditions.  Tht  stress  corrosion 
resistance  of  the  ITMT  materials  in  tne  t-'TMT  temper  is  essentially  equi- 
valent to  that  of  commercial  7075  in  tne  T6  temper.  This  is  expected  since 
the  ITMT+FTMT  materials  had  substantial!  higher  strengths  than  does  the 
commercial  T6  material. 

SUMMARY 

Two  new  ingot  thermomechanical  processing  techniques,  ISML-1TMT  and 
FA- ITMT , have  been  developed  which  upgraie  the  engineering  properties  of 
aluminum  alloy,  7075.  For  a given  standard  temper,  i.  e.,  T6,  T76  and  T73, 
high  purity  ITMT  processed  7075  alloy  has  finer  grain  size,  equivalent 
strength  and  better  ductility,  fracture  toughness  and  stress  corrosion 
characteristics  than  its  commercial  counterpart.  High  purity  ITMT  processed 
7075  alloy  in  the  FTMT  temper  has  higher  strength,  ductility  and  fracture 
toughness  than  commercial  7075-T6  material. 
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FIGURE  CAP,  IONS 
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Fig.  1.  Schematic  diagram  of  the  varLous  thermamechanical  processes  used. 


[ 


i 

) 

* 

i 

t 

I 1 

■ I 

I 

i 

\ 

« 

i 

{ 

< 

« 


t 


Fig.  2. 


Fig.  3. 


Fig.  4. 


Fig.  5. 


Fig.  6. 


Fig.  7. 


Microstructure  of  7075  given  tne  high  temperature  homogenization 
prior  to  the  initial  deformation  in  FA-1TOT  showing  the  precipi- 
tation of  Al^gCr2  Mgg.  Mag.  50.000X. 

Microstructure  of  7075  given  the  low  temperature  homogenization 
prior  to  the  initial  deformation  in  ISML-ITMT  showing  a slight 
precipitation  of  Al^gC^  Mg^.  Mag.  50,000X. 

Microstructures  of  7075  given  the  homogenization  step  prior  to 
initial  deformation  in  Experimental  Treatment  1 (FA-ITMT) . 

(a)  Keller's  etch,  (b)  Backseat tered  electron  image,  (c)  X-ray 
picture  of  Cu  distribution  and  (d)  X-ray  picture  of  Zn  distribution. 
Mag.  500X. 

Microstructures  of  7075  given  the  homogenization  step  prior  to 
initial  deformation  in  Experimental  Treatment  2.  (a)  Keller's  etch, 

(b)  Backscattered  electron  iraap.e,  (c)  X-ray  picture  of  Cu  distribu- 
tion and  (d)  X-ray  picture  of  7. n distribution.  Mag.  500X. 
Microstructures  of  7075  given  me  homogenization  step  prior  to 
initial  deformation  in  ISML-ITMT.  (a)  Keller's  etch,  (b)  back- 
scattered  electron  image,  (c)  x-ray  picture  of  Cu  distribution  and 
(d)  x-ray  picture  of  Zn  distribution.  Mag.  500X. 

Conventional  and  ITMT  Processed  7075-T6  Plate  (1  in.  thick). 
Longitudinal  midplane  sections.  Mag.  100X.  Keller's  etch. 
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Scanning  electron  micrograph  01  ISML-ITMT  7075-T73  in  the 
AR  condition  shewing  primarily  intergranular  fracture. 

Hag.  300X. 

Scanning  electron  micrograph  of  ISML-ITMT  7075-T73  in  the  AR+ 
HR  condition  showing  primarily  transgranular  fracture. 


Mag.  300X. 


Fig.  2.  Microstructure  of  7075  given  the  high  temperature 
homogenization  prior  to  the  initial  deformation  in  FA-IIMT 
shewing  the  precipitation  of  Al^gC^  Mg^.  Mag.  50,000X. 
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Pig.. 3.  Microstructure  of  7075  given  the  low  temperature  homogenization 
prior  to  the  initial  deformation  in  ISML-ITMT  showing  a slight  precipitation 
of  AllgCr2  Mg3.  Mag.  50.000X. 
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